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Waterdrop  Formation  from  Capillary  Tubes1 


Calvin  K.  Mutchler  2 


A  capillary  tube  drop  former  is  probably  the  best  method  available  to  form  waterdrops  of 
known  size  for  simulating  rainfall  in  the  laboratory.  However,  little  experimental  work  has  been 
reported  in  the  literature  on  flow  rate  and  drop  size  from  capillary  tubes.  Palmer  (4)3  gave  drop 
size  information  in  the  form  of  graphs  based  on  tube  diameter  only.  Mutchler  and  Moldenhauer 
(3)  published  an  equation  to  predict  flow  rate  from  capillary  tubes  operating  in  a  vertical  position 
under  gravity  head. 

Harkins  and  Brown  (2)  gave  relations  between  drop  size  and  tube  diameter  for  very  low  flow 
rates  in  their  report  on  surface  tension  determination.  A  brief  explanation  of  their  work  and 
calculated  drop  sizes  from  the  tubes  used  in  this  work  are  given  in  the  appendix. 

Edgerton,  Hauser,  and  Tucker  (1)  explained  the  process  of  drop  formation  from  tubing  tips 
through  the  use  of  photography.  Figure  1  shows  a  pendant  drop  just  before  it  breaks  away  from  the 


Figure  1. — Drop  formation  from  a  stainless 
steel  tube,  0.242  cm  outside  diameter. 


tubing  tip.  When  the  surface  tension  force  is  overbalanced  by  the  pendant  drop  weight,  the  neck  of 
liquid  breaks,  releasing  the  waterdrop.  With  large  diameter  tubing  tips,  one  or  more  secondary 
drops  may  be  formed  during  rupture  of  the  neck  above  the  primary  drop.  When  small  tube 
diameters  are  used,  liquid-to-metal  adhesion  causes  the  drop  to  form  around  the  outside  of  the 
tip.  Coating  the  outside  of  the  tube  with  a  thin  film  of  grease  prevents  this. 

This  report  is  the  result  of  a  study  of  waterdrop  formation  from  the  end  of  capillary  tubes  at 
flow  rates  between  those  used  in  surface  tension  measurements  and  those  causing  jet  flow.  Drop 
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3  Underscored  numbers  in  parentheses  refer  to  Literature  Cited,  at  end  of  report. 


weights  are  given  for  various  flow  rates  at  four  tube  diameters  and  six  water  temperatures.  These 
data  were  analyzed  and  used  to  develop  an  equation  for  predicting  waterdrop  weight  from  known 
values  of  water  density,  surface  tension,  and  viscosity — all  dependent  on  temperature — as  well  as 
tube  outside  diameter  and  flow  rate. 


PROCEDURE 

Short  lengths  of  stainless  steel  tubing  were  cut  from  tubing  stock.  The  sizes  used  are  de- 
scribed in  table  1.  The  ends  of  the  tubes  were  ground  so  that  the  outside  edges  and  the  inside 
edges  were  square.  This  was  done  on  a  valve  grinder  where  the  tube  was  rotated  against  a  fine 
grinding  stone.  The  small  burrs  formed  on  the  edges  were  then  removed — the  outside  ones  with 
fine  crocus  cloth,  the  inside  ones  with  a  twist  drill. 

The  operating  position  for  waterdrop  formation  was  with  the  tube  vertical  as  shown  in  figure  1. 
The  tubes  were  connected  with  rubber  tubing  to  a  burette.  Flow  rate  was  controlled  with  the  valve 
on  the  burette.  After  flow  rate  was  established,  10  drops  were  collected  and  weighed  to  the  nearest 
0.0001  gram.  The  time  for  the  10  drops  to  form  was  recorded  to  the  nearest  0.01  second.  Room  and 
water  temperatures  were  kept  constant  for  each  set  of  runs. 


TABLE  1. --Description  of  tubing  used  in  waterdrop  formation  tests 


Type  of  tubing 


Outside 
diameter 


Inside 
diameter 


cm 


Stainless  steel  hypodermic  needle  tubing: 

18-gage 

13-gage 

9-gage 

Stainless  steel  welded  tubing: 

1/4-inch  diameter,  27 -gage 


0.128 

0.084 

.242 

.180 

.375 

.300 

.639 
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RESULTS 


Table  2  shows  flow  rate  and  drop  weight  data  for  six  temperatures  ranging  from  60.5  to  82.0 
degrees  Fahrenheit.  This  range  includes  most  temperatures  encountered  in  laboratory  situations 
and  is  wide  enough  to  allow  an  accurate  determination  of  temperature  effects  on  drop  weight. 

Data  were  obtained  for  tube  sizes  practical  for  use  in  rainfall  simulation.  The  largest  tube 
produces  drops  about  5.6  mm  in  diameter,  which  is  near  the  upper  limit  of  raindrop  size.  The 
smallest  tube,  18  gage,  produces  drops  about  3.5  mm  in  diameter.  The  3.5-mm  drops  are  nearly 
spherical,  thus  resembling  closely  the  shapes  of  smaller  raindrops.  More  important,  tubes 
smaller  than  18  gage  clog  easily  and  are  very  difficult  to  use  with  dependability. 


TABLE  2. --Drop  weight  from  capillary  tubes  at  various  flow  rates  and  water  temperatures 


Tube  outs 

ide  diameter 

0.639cm 

0. 

375cm 

0.242cm 

0.128cm 

Flow 
rate 

Drop  wt.2 

Flow 
rate 

Drop  wt. 

Flow 
rate 

Drop  wt. 

Flow 
rate 

Drop  wt. 

gm/sec 

gm 

gm/sec 

gm 

gm/sec 

gm 

gm/sec 

gm 

Water  Tempe 

rature :  60. 

5°  F 

0.0482 

0.09599 

0.0375 

0.06106 

0.0278 

0.04163 

0.0262 

0.02405 

.0785 

.09812 

.0495 

.06197 

.0407 

.04237 

.0303 

.02420 

.0997 

.09961 

.0647 

.  06>267 

.0423 

.04229 

.0420 

.02438 

.1578 

.10262 

•   .0698 

.06281 

.0725 

.04350 

.1862 

.10150 

.1010 

.06361 

.0892 

.04458 

.2543 

.10808 

.1322 

.06609 

.1148 

.04592 

.3517 

.11251 

.1705 

.06817 

.1153 

.04554 

.4042 

.11114 

.1792 

.06810 
Water  Tempe: 

.1190 
cature :  66. 

0' 

.04524 
3  F 

0.0640 

0.09674 

0.0463 

0.06118 

0.0187 

0.04030 

0.0138 

0.02338  . 

.0930 

.09949 

.0555 

.06189 

.0353 

.04179 

.0222 

.02366 

.1460 

.09856 

.1123 

.06520 

.0630 

.04284 

.0350 

.02412 

.1470 

.10290 

.1803 

.06764 

.0820 

.04425 

.1647 

.10367 

.1873 

.06839 

.1315 

.04538 

.2295 

.10096 

.1995 

.06781 

.2483 

.10802 

.3185 

.11130 

Water  Temperature:  70. 

0°  F 

0.0370 

0.09248 

0.0208 

0.05882 

0.0165 

0.04021 

0.0092 

0.02308 

.0562 

.09420 

.0348 

.06012 

.0263 

.04086 

.0133 

.02327 

.0680 

.09586 

.0412 

.06059 

.0278 

.04088 

.0170 

.02344 

.0753 

.09720 

.0597 

.06206 

.0440 

.04188 

.0173 

.02350 

.1057 

.09617 

.0675 

.06214 

.0615 

.04303 

.0257 

.02377 

.1327 

.09947 

.0837 

.06274 

.0707 

.04308 

.0270 

.02427 

.1450 

.09876 

.1050 

.06419 

.0727 

.04363 

.0323 

.02394 

.1795 

.10232 

.1167 

.06415 

.0908 

.04400 

.0417 

.02442 

.1840 

.09967 

.1590 

.06686 

.1220 

.04518 

.2520 

.10079 

.2090 

.06896 

.1580 

.04665 

.3120 

.11059 

.3170 

.10952 

Water  Temperature:  74.0°  F 


0.0297 

0.09247 

0.0183 

0.05837 

.0492 

.09428 

.0402 

.06031 

.0667 

.09530 

.0415 

.06015 

.0823 

.09548 

.0593 

.06116 

.1033 

.09810 

.0653 

.06203 

.1217 

.09852 

.0855 

.06324 

.1357 

.10103 

.0977 

.06248 

.1763 

.10234 

.1110 

.06464 

.1767 

.09896 

.1208 

.06406 

.2122 

.09973 

.1340 

.06564 

.2585 

.10208 

.1812 

.06704 

.3240 

.11017 

.1895 

.06728 

0.0130 

0.03962 

0.0080 

.0202 

.04017 

.0133 

.0267 

.04072 

.0148 

.0442 

.04189 

.0190 

.0468 

.04166 

.0215 

.0615 

.04269 

.0312 

.0705 

.04300 

.0317 

.0788 

.04340 

.0412 

.0963 

.04332 

.1277 

.04406 

0.02292 
.02310 
.02335 
.02338 
.02316 
.02380 
.02380 
.02388 


See  footnotes  at  end  of  table. 


TABLE  2. 

--Drop  weight  from  capillary  tubes  at  various 
and  water  temperatures  —  Continued 

flow  rates 

Tube  outside  diemeter 

0.639cm 

0.375cm 

0.242cm 

0.128cm 

Flow 
rate 

Drop  wt.2 

Flow 
rate 

Drop  wt. 

Flow 
rate 

Drop  wt. 

Flow 
rate 

Drop  wt. 

gm/sec 


.gm 


gm/sec 


gm 


gm/se 


gm 


gm/sec 


Water  Temperature: 

.1928  .06844 

.1985  .06651 

.2027  .06686 

.2035  .06818 

.2045  .06750 

.2232  .06806 


74.0°  F- -Continued 


Calculated  using  time  for  10  drops  to  form. 
2  Average  weight  of  10  drops. 


gm_ 


Water  Tempe 

rature:  76.0° 

F 

0.0363 

0.09233 

0.0188 

0.05835 

0.0150 

0.03962 

0.0017 

0.02230 

.0707 

.09549 

.0515 

.06074 

.0288 

.04056 

.0092 

.02284 

.1007 

.09556 

.0758 

.06215 

.0463 

.04169 

.0147 

.02324 

.1480 

.09622 

.0872 

.06272 

.0598 

.04192 

.0275 

.02367 

.1893 

.09944 

.1268 

.06496 

.0750 

,04316 

.0382 

.02386 

.3145 

.10850 

.1995 

.06784 
Water  Tempe 

rat 

.1278 
ure:  82.0° 

.04411 

F 

0.0332 

0.09209 

0.0198 

0.05795 

0.0167 

0.03957 

0.0085 

0.02286 

.0615 

.09422 

.0575 

.06091 

.0288 

.04045 

.0120 

.02282 

.1070 

.09631 

.0727 

.06175 

.0372 

.04088 

.0237 

.02336 

.1402 

.09808 

.0893 

,06254 

.0582 

.04193 

.0277 

.02351 

.1862 

.09866 

.1127 

.06360 

.0888 

.04306 

.2893 

.10271 

.1992 

.06869 

.1382 

.04418 

ANALYSIS 

Preliminary  scatter  diagrams  of  the  data  indicated  that  outside  diameter,  water  surface  tension, 
and  kinematic  viscosity  could  be  used  as  power  functions  in  predicting  drop  weight.  Therefore, 
the  independent  variables  were  formed  into  dimensionless  77  terms  and  fitted  to  an  equation  of 
the  type 

log  77 1  =  a  +  b  log  772  +  c  log  77g 

The  equation  was  then  reduced  to  the  dimensionally  correct  prediction  equation: 


w=  4.924 


<y.943    d.832    ^057^.093 


r1.018 


where  w  =  drop  weight  in  gm 

O-  water  surface  tension  in  gm/sec2 


d  =  tube  outside  diameter  in  cm 
Q  =  flow  rate  in  gm/sec 
V  -  kinematic  viscosity,  cm2/sec 
g  =  gravitational  constant 


(1) 


Figure  2  is  a  graph  of  equation  1  for  a  constant  temperature  and  four  tube  sizes.  The  family 
of  curves  shows  drop  weight  as  a  function  of  flow  rate  and  tube  size.  Tube  size  is  used  here  to 
mean  outside  diameter.  The  effect  of  inside  diameter  on  drop  size  is  considered  as  a  function  of 
the  outside  diameter  variable  in  equation  1.  However,  when  the  equation  is  used,  both  tube  outside 
and  inside  diameter  should  be  considered.  The  hypodermic  needle  tubing  used  for  small  tubes  is 
generally  manufactured  with  inside  diameters  corresponding  to  the  outside  diameters.  However, 
1/4-inch  tubes  can  be  purchased  with  a  wide  range  of  inside  diameters,  and  proper  selection  of 
tubes  is  necessary  if  use  of  the  drop  weight  equation  is  desired. 
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Figure  _2. — Drop  weight  (from  equation  1)  as  a  function  of 
flow  rate  and  tube  size.  Qmin  anc*  Qc  ^nes  define  lower 
and  upper  limits,  respectively,  to  use  of  equation  1. 


The  form  of  equation  1  indicates  that  drop  weight  approaches  zero  as  flow  rate  approaches 
zero.  This  is  not  actually  true.  The  Harkins  and  Brown  surface  tension  data  (2)  were  used  to 
calculate  values  of  drop  weight  at  low  flow  rates  for  each  tube  size  and  temperature  used  in  the 
experiment  (see  appendix  for  procedure).  The  flow  rates  used  by  Harkins  and  Brown  were  very 
low  and  were  probably  less  than  1  drop  per  3  minutes. 

The  Harkins  and  Brown  drop  weight  values  were  plotted  on  the  appropriate  tube  size  curves 
in  figure  2.  Thus,  these  points  indicate  the  validity  of  the  function  used  for  fitting  the  data.  How- 
ever, it  is  thought  best  not  to  extrapolate  the  equation  outside  the  range  of  data.  Therefore,  a 
lower  limit  of  approximately  1  drop  every  3  seconds  is  placed  on  the  drop  weight  equation.  This 
limit  is  shown  in  figure  2  and  is  given  by  the  equation 

=  .04  d-785 


'mm 


(2) 


The  data  indicate  that  drop  size  decreases  with  increasing  flow  rate  beyond  a  certain  critical 
point.  Palmer  (4)  has  also  reported  this  trend.  The  critical  point  indicates  the  beginning  of  a 
transition  from  drop  formation  at  the  tube  end  to  jet  flow.  Therefore,  an  upper  limit  on  use  of 
equation  1  is  given  at  the  start  of  critical  flow  and  is  approximated  by  the  equation 


Qc    =  .453  +  .453  log  d 


(3) 


The  proposed  drop  weight  equation  1  should  be  used  only  for  the  range  of  flow  rates  shown  by  the 
minimum  and  critical  lines  in  figure  2. 

Data  were  taken  only  over  a  range  of  temperatures  thought  useful  to  most  researchers.  Use 
of  the  drop  weight  equation  at  temperatures  outside  that  range  was  not  investigated.  The  effect  of 
temperature  is  significant  and  is  illustrated  in  figure  3. 
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Figure  3. — Effect  of  temperature  on  drop  weight. 


SUMMARY 

The  investigation  revealed  that  the  variables  affecting  waterdrop  size  from  capillary  tubes 
are  tube  outside  and  inside  diameter,  flow  rate,  and  water  temperature.  These  variables  were 
used  to  form  a  drop  weight  prediction  equation  in  which  temperature  is  represented  by  surface 
tension  and  kinematic  viscosity  of  water  and  in  which  tube  inside  diameter  is  a  function  of  outside 
diameter. 
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APPENDIX 


The  purpose  of  this  appendix  is  to  show  a  method  for  calculating  the  drop  weight  of  water  to 
be  expected  from  a  capillary  tube  drop  former  at  a  very  low  flow  rate.  The  "drop  weight  method" 
(2,  p.  499)  of  measuring  surface  tension  is  used  by  assuming  a  value  of  surface  tension  and  then 
calculating  drop  weight. 
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Figure  4. — Graph  of  drop-weight  correction  values  given  in  table  3. 


TABLE  4. --Surface  tension  and  density  values 
of  water  ! 


Temperature 


Surface  tension 


Density 


op 


gm/sec2 


gm/sec  3 


60.5 

73.37 

0.998970 

66.0 

72.92 

.998426 

70.0 

72.58 

.997968 

74.0 

72.23 

.997459 

78.0 

71.88 

.996898 

82.0 

71.53 

.996295 

Based  on  values  from  the  Handbook  of 
Chemistry  and  Physics,  44th  edition,  pages 
2197,  2239,  The  Chemical  Rubber  Publishing 
Co.  ,  1963. 


The  drop  weight  method  of  determining  surface  tension  of  a  liquid  is  based  on  the  equations 


and 


a=  f 


F  = 


mg 


V 


(4) 
(5) 


where  <T  is  surface  tension,  m  is  the  mass  of  a  slowly  formed  drop,  r  is  the  radius  of  the  sharp- 
edged  tip,  V  is  the  volume  of  the  drop,  g  is  the  gravitational  constant,  and  F  is  the  value  of  the 
function  depending  on  V  and  r3.  The  values  of  F  determined  experimentally  by  Harkins  and  Brown 
are  essentially  drop-weight  corrections.  They  are  reproduced  here  in  table  3  and  are  shown  in 
graphical  form  in  figure  4. 

TABLE   3. --Drop-weight    correction  values    (F)    proposed  by  Harkins   and  Brown 


V 
r3 

F 

+  °Jo 

V 
r3 

F 

+  7° 

t» 

0.159 

1.7062 

0.26562 

0.05 

5000 

.172 

1.5545 

.26566 

.05 

250 

.198 

1.4235 

.26544 

.05 

58.1 

.215 

1.3096 

.26495 

.1 

24.6 

.2256 

1.2109 

.26407 

.1 

17.7 

.2305 

0.3 

1.124 

.2632 

.15 

13.28 

.23522 

.25 

1.048 

.2617 

.15 

10.29 

.23976 

.2 

.980 

.2602 

.15 

8.190 

.24398 

.15 

.912 

.2585 

.15 

6.662 

.24786 

.15 

.865 

.2570 

.2 

5.522 

.25135 

.15 

.816 

.2550 

4.653 

.25419 

.15 

.771 

.2534 

3.975 

.25661 

.15 

.729 

.2517 

3.433 

.25874 

.15 

.692 

.2499 

2.995 

.26065 

.15 

.658 

.2482 

2.637 

.26224 

.1 

.626 

.2464 

2.3414 

.26350 

.1 

.597 

.2445 

2.0929 

.26452 

.05 

.570 

.2430 

1.8839 

.26522 

.05 

.541 
.512 
.483 
.455 
.428 
.403 

.2430 
.2441 
.2460 
.2491 
.2526 
.2559 

1  Taken  from  the   International   Critical   Tables   of  Numerical   Data,  Physics,    Chem- 
istry and   Technology.      Vol.    IV,   p.    435.      National   Research  Council. 


Surface  tension,  a ,   and  density,  K,  values  are  needed  for  the  waterdrop  size  computation. 
They  are  shown  in  table  4. 


By  rearranging  equation  4, 


m   = 


Or 

gF 


(6) 


10 


Let  L  =  - —  =  constant  for  any  given  temperature  and  tube  size.  Also, 

m          V      m         , 
V  =  — ,  so  —  = and 

K  r3     Kr3 


m=  Kr 


3    V 


(7) 


Let  P  =  Kr     =  constant  for  any  given  temperature  and  tube  size. 
Thus  ~  =  M  =  P  pg     and 


=  F 


_  r 


V 
Values  of  F  and  —   are  couplets  given  by  the  curve  showing  F  =  f 


(8) 


Therefore,  F  can  be  found  by  choosing  a  point  where  equation  8  is  satisfied  in  figure  4.  The  value 
of  F  can  then  be  substituted  into  equation  6  to  determine  the  value  of  the  drop  mass,  m,  and  the 
other  value  of  the  couplet  can  be  used  in  equation  7  to  check  the  computation. 

For  example,  the  drop  size  may  be  computed  for  a  0.639  -cm  tube  and  water  at  74°  fahrenheit 
as  follows: 


ox      72.23  gm          0.639cm          sec2  .,.,.,... 

L   = = f_   X     X  =  0.0235485  gm 


g       sec 


980   cm 


„  a     0.997458    gm     __  f  0.639  cm 
P   =   Kr°  = s—     X  l 

cm3 


[ 


=   0.0325317  gm 


-=0.723863  =  F 
P 


V 
r3 


Try  F  =  0.26065, =  2.995,  F 

„3 


Lr3-. 


0.7806;  too  large.  Try 


F  =  0.26224,  —  =2.637,   F 


=  0.6915;  too  small.  Use  straight  line  interpolation  to  find  a  new 


F  and  ,  so  try  F  =  0.261445, 

r3 


—  =  2.816,     F 


0.7362.  Continue  the  approximation  until  agreement 


is  reached.  Then,  use  the  value  of  L  and  F  in  equation  3  to  find  m  =  0.089995  gm. 
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The  above  computational  procedure  was  continued  for  each  tube  size  and  temperature  used 
in  the  experiment.  The  resulting  drop  sizes  are  shown  in  table  5. 

TABLE   5. --Weights   of   drops   formed  at  near-zero   flow  rates   from  capillary  tubes   (calculated 

from    Harkins   and  Brown   surface   tension  data) 


Tube  size 

Water 
temperature 

1/4  x  27  gage 
( .639  cm) 

9  gage 
(.375  cm) 

13  gage 
(.242  cm) 

18  gage 
( .128  cm) 

Drop  weight 

gm 


gm 


gm 


gm 


60.5 

0.091474 

0.057817 

0.039897 

0.022586 

66.0 

.090892 

.057437 

.039635 

.022438 

70.0 

.090450 

.057151 

.039438 

.022326 

74.0 

.089995 

.056856 

.039235 

.022212 

78.0 

.089539 

.056562 

.039033 

.022096 

82.0 

.089085 

.056269 

.038830 

.021983 
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